In the minimal supersymmetric extension of the Standard Model the three neutrinos can have masses and mixings with lepton number violating interactions. These masses and mixings can be almost uniquely determined from the available experimental data on neutrino oscillation and the astrophysical arguments in the three flavor mixing scheme of neutrinos. From this one can estimate the order of magnitude for some L-violating couplings from which and also from the electric dipole moment of electron under some circumstances it is possible to put severe constraint on the complex phase of some SUSY parameters in R-parity violating Supersymmetric models.
Introduction
Although in the Standard Model of electroweak and strong interactions the neutrinos are massless to all orders in perturbation theory, in its extension the neutrinos may acquire small masses with see-saw type mechanism in presence of sterile neutrinos. Also such masses can be present in the minimal supersymmetric model with the renormalizable lepton number violating terms in the lagrangian. On the other hand the astrophysical and cosmological considerations also strongly suggest the existence of massive neutrinos. Presently there are some possible evidences of massive neutrinos and the mixing of different flavor of neutrinos particularly coming from accelerator and reactor data (including LSND) , atmospheric neutrinos , solar neutrinos and supernova r-process nucleosynthesis [1] . Although some of the evidences like those coming from solar neutrinos and accelerator data has been explained [2] considering one massive and two nearly massless neutrinos but it is in general difficult to reconcile various neutrino data considering three neutrinos as particularly the first three evidences are best fitted by three different mass gaps for neutrinos. But in the three flavor oscillation framework [3] as noted recently by Cardall and Fuller [4] it is possible to get a good global fit with minimum sacrifice of data and the masses and the mixing angles are almost uniquely determined in that scenario. Other analysis [5] also suggest those solutions [4] for masses and mixings as possible solution to various experimental data on neutrino oscillation and perhaps a fourth sterile neutrino may not be needed to accomodate all the neutrino data. Recent results from CHOOZ [6] collaboration indicates consideration of all mixing to be maximal [7] is not possible but it does not contradict the solutions obtained by Cardall & Fuller. However if one takes the zenith angle dependance in Kamiokande and also of recent Super-Kamiokande data seriously then in the three flavor mixing scheme the solution of Cardall & Fuller may not be possible and instead of small mixing angle for the solar neutrino data as found in [4] the large mixing angle solution is favored [9] which will be discussed more in Section 2.
The uniqueness of the masses and the mixing angles [4, 9] for three neutrinos may have strong impact on physics beyond standard model in the way those constrain the parameters of other theories. We like to study such impact on the minimal R-parity violating Supersymmetric model where neutrinos can acquire mass. In supersymmetric models, R-parity was introduced as a matter of convenience to prevent fast proton decay. It is now realised that the proton lifetime can be made consistent with experiment without invoking discrete R-parity symmetry. If we don't impose R-parity in the model, then the minimal supersymmetric standard model allows the following B and L violating terms in the superpotenial
Here L and Q are the lepton and quark doublet superfields, E c is the lepton singlet superfield, and U c and D c are the quark singlet superfields and i, j, k are the generation indices. In the above the first two terms are lepton number violating while the third term violates baryon number. For the stability of the proton, we assume that only the L -violating first two terms in the superpotential is non-zero. One may consider some Z n symmetry to remove B -violating term in the superpotential 4 . As discussed later L -violating couplings give rise to masses for Majorana neutrinos through one loop diagrams as shown in figure 1 which lead to neutrino oscillation phenomena. In this work we like to find what kind of constraints on λ ijk and λ ′ ijk couplings are imposed from neutrino physics. This kind of study was made earlier [11] in the two flavor mixing scheme with the lesser available neutrino data. Very recently another study [12] also has been made to constrain the parameters of the supersymmetric model considering only the solar and atmospheric neutrino data. However in that analysis in the off-diagonal term in the neutrino mass matrix generated by the one loop diagram a factor of 2 is missing and 3 One may consider another term µ α L α H 2 in the superpotential [23] . However in general this lepton number violating term can be rotated to the first two terms in the superpotential in (1.1) unless a symmetry of W does not commute with the SU (4) symmetry of L α rotations in the field space. 4 See [8] for other alternative approaches to forbid dimension four as well as dimension five B violating operators but keeping L violating operators in the Lagrangian .
the diagonalization of the mass matrix after inclusion of that factor will not give two nearly massless neutrinos and one massive neutrino as required in their analysis. In our work we like to reanalyse the constraints on the Lviolating couplings considering solar, atmospheric, LSND data including the option for neutrinos as candidate for dark matter as noted in [4, 9] in the three flavor mixing scheme.
There are stringent bounds on different λ ijk and λ ′ ijk [13] from low energy processes [14] and very recently the product of two of such couplings has been constrained significantly from the neutrinoless double beta decay [15] and from rare leptonic decays of the long-lived neutral kaon, the muon and the tau as well as from the mixing of neutral K and B meson [16] . In most cases it is found that the upper bound on λ electric dipole moment of electron the stringent constraint appears for the complex phase of some SUSY parameters. In section 2 we briefly discuss the constraints on masses and mixing for three neutrinos. In section 3, we have obtained the expression of masses and mixing in terms of the R-parity violating couplings. In section 4 we derive the constraints on some L violating couplings and mention the assumptions involved in those constraint and we compare those constraint with the earlier ones. In section 5 we discuss that under some circumstances it is possible to get stringent constraint on the complex phase of some SUSY parameters like A -parameter in SUSY. In conclusion we discuss the possible implications of those constraints in collider physics and cosmology.
Constraint on neutrino masses and mixing
We first mention here the necessary parameters for the three flavor neutrino oscillation. After that following [4, 9] we shall consider some specific values for the the masses and mixing as solutions to satisfy various available experimental data. The neutrino flavor eigenstate are related to the mass eigenstate by
where U αi are the elements of a unitary mixing matrix U , ν α = ν e,µ,τ and ν i = ν 1,2,3 . According to the standard parametrization [17] where δ = e iδ 13 corresponds to the CP-violating phase (which will be neglected here ) and c and s stand for sine and cosine of the associated angle placed as subscript. The non -diagonal neutrino mass matrix M ν in the flavor basis is diagonalised by the unitary matrix U ν as
where D ν is the diagonal mass matrix with the real eigenvalues. In the three generation neutrino mixing scheme there are two independent mass differences which one may consider ∆ 21 and ∆ 32 given by
where m i and m j are the neutrino mass eigenvalues. In the one mass difference dominating the other the three flavor mixing scheme greatly simplifies and the two flavor mixing analysis can easily be applied to the case of three flavor mixing scheme. As discussed by Cardall and Fuller [4] in the one mass scale dominance limit [18] it is possible to obtain three neutrino oscillation solution satisfyting the constraints from accelerator and reactor neutrino oscillation constraints ( including LSND ) , the atmospheric muon neutrino deficit problem , the solar neutrino problem, supernova r-process neucleosynthesis bounds and neutrinos as dark matter. The atmospheric neutrino data and the LSND data has been explained with one mass difference and for solar neutrino problem a seperate mass difference has been considered which is much smaller than that for atmospheric and LSND data.
Without going to the details we are presenting below the solutions for the parameters associated with three generation neutrino mixing scheme [4] . If one doesn't consider the zenith angle dependance of the Kamiokande and SuperKamiokande atmospheric neutrino data seriously the solutions are :
The solutions for the mixing angles are
However in future Super-Kamiokande [19] data and the data from the proposed long baseline accelerator experiments [18] may be able to verify the validity of the above mentioned solutions. Furthermore one may consider the neutrinos as candidate for the dark matter solutions. In that case if one assumes Ω = 1 and the energy density of the neutrinos ρ ν = 0.2ρ c where ρ c is the critical density in the Big-Bang Model [20] it is desirable to have the sum of the neutrino masses around 5 eV and one may consider the following possibility ;
As we discuss in section 3 the masses are generated for Majorana neutrinos in R violating Minimal Supersymmetric Model we have to consider the constraint coming from neutrinoless double beta decay. The contribution of Majorana neutrinos to the amplitude of the neutrinoless double beta decay [24] is
To satisfy this constraint and keeping in mind that there are some uncertainties in the calculation of the nuclear matrix elements one may consider the masses of the majorana neutrinos of the order of eV [21] which has been considered in (2.7).
If one considers the zenith angle dependance for the atmospheric neutrino experiments as observed in Kamiokande and Superkamiokande seriously then there are some changes in the above mentioned solutions . The important change occurs for the case of solar neutrino solutions in which instead of small angle solutions the large angle solutions are favored. Considering solar, atmospheric , terrestrial and LSND data [9] one may consider the following type of solutions for the mixing angles 5 .
For the mass square differences one may consider again equation (2.5). Although higher values of ∆ 23 is allowed but to satisfy the dark matter solution and the constraint from 0νββ decay one have to consider the lower value in the allowed range. For dark matter one can again consider (2.7).
If one doesn't consider the neutrinos as candidate for the dark matter one can consider the following possibility
It is clear that the masses and the mixing angles are not completely unique and we have to wait for more data from experiments like LSND, SuperKamiokande etc. However here we have mentioned three interesting possible solutions at present -one set of solutions from (2.5), (2.6) and (2.7), another set from (2.5), (2.8) and (2.7) and another set from (2.9), (2.8) and (2.10) -which are sufficient for our order of estimate calculation for the L-violating SUSY couplings.
Neutrino masses and mixing in R-violating supersymmetric model
The trilinear lepton number violating renormalizable term in the superpotential in (1.1) generates Majorana neutrino mass [22, 23] 
when one considers the lepton and slepton for s ands in the diagram in figure 1 . Here m k is the mass of the fermionic superpartner s k ofs k . Both the diagrams in (a) and (b) are to be considered together and summed to evaluate the neutrino mass matrix element. However for i = j and k = n the two diagrams coincide and for that only one is to be considered. For quark and squark in the diagram the similar contribution will be obtained however the above contribution is to be multiplied by a color factor 3 and m k in the above equation is to be considered as the squark mass instead of slepton mass.
In constructing neutrino mass matrix we shall assume the following things. Firstly the squark and slepton mass does not differ much and we shall relate squark and slepton mass as
where K is a number depending on the various choices of SUSY parame- andm s is the almost degenerate squark mass. The eigenvalues for this matrix may be approximated as
where
The neutrinos for which the masses are generated at the one loop level correspond to Majorana neutrinos. So we have discussed in section 2 the constraint on the masses for Majorana neutrinos from the neutrinoless double beta decay experiment. The unitary matrix diagonalising the neutrino mass matrix may be written as
14)
Three neutrino masses generated in equations (3.5), (3.6) and (3.7) naturally lead to neutrino oscillation and the oscillation of neutrinos from one flavor to the other can be expressed in terms of the differences of neutrino mass square and the elements of mixing matrix U ν in (3.11).
Constraint on L-violating couplings
As described in equations (2.5 -2.10) the masses and the mixing angles for the neutrinos are almost uniquely determined from various experiments on neutrinos and also on the basis of astrophysical arguments. At first we consider the first set of solutions as mentioned in (2.5), (2.6) and (2.7).
Using the mixing angles in (2.6) one gets the various elements of U ν from (2.2). So if we compare the neutrino masses in equations (2.7) with those mentioned in equations (3.5), (3.6) and (3.7) and also compare the unitary matrix elements in (2.2) ( after using the appropriate values of the mixing angles ) with that in (3.11) we obtain the solutions for three λ couplings and two λ ′ couplings present in neutrino mass matrix. Consideration of the two mass square differences and the three mixing angles give equations to find the solutions for five L -violating couplings. However if one considers the three neutrinos masses as mentioned in (2.7) instead of two mass square differences Here and in later discussionsm s andm correspond to the magnitude expressed in GeV. Now equating the ratio
in (2.2) As we have considered the mass relationship it remains to check whether these relations are consistent with another equation obtained from mixing angles. For that let us consider the ratio
in (2.2) and (3.11) from which
where and m b and m τ correspond to the magnitude in GeV. Inserting the values for λ and λ ′ couplings obtained earlier in the right hand side of (4.8) it is found that the new values of λ l e is almost same as obtained in (4.7). If we consider another set of solutions for neutrino masses and mixing as given in (2.5), (2.8) and (2.7) and follow the similar analysis it gives the following solutions for L-violating couplings :
From another set of solutions as given in (2.9), (2.8) and (2.10) one obtains following values for L -violating couplings:
For both set of solutions λ l e obtained from (4.8) are almost same as mentioned in (4.11) and (4.13). So this analysis indicates that in R -violating SUSY models it is possible to explain the neutrino oscillation data in the three flavor mixing scheme and also the dark matter problems may be solved where Lviolating couplings does not differ much from each other in magnitude. For three different set of solutions for neutrino masses and mixing there are no significant changes for the solutions of L violating couplings except that of λ q τ coupling. Particularly for the masses and the mixing angle as given in (2.5), (2.7) and (2.8) in which three neutrinos are almost degenerate in masses and the zenith angle dependence for atmospheric neutrino data has been taken into account the constraint λ q τ is found to be more stringent than the other cases. The solution obtained for L violating couplings are good approximation for slepton mass slightly higher than or of the order of squark mass. However considering slepton mass much lower than the squark mass will imply K ≫ 1 for which these solutions may not be reliable under the assumption that there are not much hierarchy among different L violating couplings. Particularly the solutions will not be appropriate when λ couplings are much higher than λ ′ by two orders of magnitude for which equation (4.1) will not be reasonable approximation.
The solutions for all λ and λ ′ couplings are obtained in terms of the parametersm ,m s and K. Herem is the SUSY breaking mass parameter which is expected to lie in the range of O(100 GeV ) to O(TeV ). K depends on the various choices of the SUSY parameters and we shall consider here that slepton mass does not differ much from the squark mass. To compare our constraint on λ and λ ′ couplings with the earlier constraints [13] we shall consider both squark mass andm of O(100 GeV ) and K ≈ 1. The earlier constraint from the tau universality violation [14] is λ 233 = λ Furthermore if one considersm to be nearer to TeV region then these constraint will be further stringent. The bounds on these couplings obtained from the experimental data on neutral currents , β decay [14] , muon decay ( µ → eγ, µ →ēee) [27] , or tau decay ( τ → µγ, τ → eγ) [28] etc. are much less stringent than those obtained here.
Constraint on complex phase of SUSY parameter
In the Standard Model the electric dipole moment of electron is much smaller than their present experimental bound d e < 10 −26 ecm [29] . So the new sources of CP violation which occurs in the supersymmetric model can be studied on the basis of electric dipole moment of electron [30, 31, 32] . In the minimal supersymmetric standard model apart from the Yukawa couplings there are several complex parameters like three gaugino masses corresonding to SU(3), SU(2) and U(1) groups, the mass parameter m H in the bilinear term in the Higgs superfields in the superpotential , dimensionless parameters A and B in the trilinear and the bilinear terms of the scalar fields.
With suitable redifinition of the fields some of these parameters can be made real but in that case some others can not be made real like A parameter [31] . The complex A will contribute to the electric dipole moment (edm) of electron. Furthermore if we consider the complex λ ′ couplings the complex phase associated with those will also contribute to edm of electron. There will be various diagrams in the R-parity violating SUSY for the edm of electron [32] . But the significant contribution to edm comes from the one loop diagram containing top quark in the loop as shown in Figure- 2. There will be diagram containing massive neutrinos in the loop . However the masses of neutrinos are quite small in our discussion and we are ignoring those types of diagrams for our discussion as there will be lesser contribution to the edm of electron. In terms of complex phases we can write A f and λ ′ ijk as
and the mixing angle for the left and the right squark in the familiar way as
Following ref. [32] and assuming different λ ′ ijk containing another complex phase as mentioned in (5.1) we can write the edm of electron from figure 2 as 
3) correspond to the magnitude of those quantities expressed in GeV. We are particularly interested for j = 3 and k = 3 case in (5.3). We got a solution for λ 
Conclusion
We have shown here that the minimal supersymmetric model with explicit R-parity violation can accomodate many neutrino physics data where the neutrino mass is generated at the one loop level having main contribution from the five L-violating couplings. Furthermore the order of these couplings are such that it is possible to observe such L violating interaction at the Tevatron or at HERA. At the Tevatron after squark pair production those squarks will decay to LSP ( say neutralino) and which will decay via L i L j E k c operator giving multilepton signal [33] . At HERA one can see R violating SUSY signal for L i Q j D k c operator [34] through resonant squark production and its subsequent decay to electron or positron and neutrino giving the signal of high p T electron or high P T positron or missing p T for neutrino. The basic requirement for the observation of such signal is that LSP has to decay inside the detector and this puts bound [33, 34] λ, λ ′ > ∼ 10
ml ,q 100 GeV 2 where ml ,q stand for the squark and the slepton mass. The constraint obtained in section 4 satisfy the above inequality and it may be possible to observe such L violating signal.
If one considers the baryogenesis in the early universe at the GUT scale, after the generation of asymmetry to satisfy the out of equilibrium condition one requires L violating couplings λ ∼ 10 −7 for squark mass in 100 GeV to 1 TeV range [35] which is much smaller than that obtained in section 4. So if one likes to satisfy the neutrino physics experimental data it seems in the R violating SUSY scenario the generation of the baryonic asymmetry near the electroweak scale is more favored where the constraint on L violating couplings are not so severe [36] . Our analysis also indicates that to satisfy various experimental data on neutrino oscillation and to consider neutrinos as candidate for dark matter, the lepton number violating couplings are constrained in such a way that some combinations of left and right squark mixing angles and the complex phases of some SUSY parameters -particularly that of A parameter is constrained. 
